To investigate the impact of rainfall type on rainfall estimation using polarimetric variables, rainfall relations such as those between rain rate (R) and specific differential phase (KDP), between R and KDP/differential reflectivity (ZDR), and between R and reflectivity (Z)/ZDR, were examined with respect to the precipitation type classified using drop size distributions (DSDs) measured by a disdrometer. The classification of rainfall type was assessed using four different methods: temporal rainfall variation; and the relations between intercept parameter (N0) and R; normalized intercept parameter (Nw) and median diameter (D0); and slope parameter (Λ) and R. The logN0-R relation discriminated between convective and stratiform rain with less standard deviation than the other methods as shown by the Z-ZDR scatter with respect to the rainfall types. The transition type from convective to stratiform and vice versa occurred in the stratiform rain region for all methods. To apply the classified rainfall relations to radar rainfall estimation, logNw and D0 were retrieved from polarimetric variables to discriminate the rainfall types in the radar domain. The DSD classification was verified with the vertical profile of reflectivity extracted at two positions corresponding to gage sites. Statistical analysis of four different rainfall events showed that rainfall estimation using the relations with precipitation type were better than those obtained without classification. The R(KDP,ZDR) relation with classification performed best on rainfall estimation for all rainfall events. The greatest improvement in rainfall estimation was obtained from R(Z,ZDR) with classification. We conclude that the classification of rainfall type leads to more accurate rainfall estimation. The different relations R(KDP), R(KDP,ZDR), and R(Z,ZDR) with respect to the rain types using polarimetric radar show improvement compared to estimation without consideration of rainfall type, in Korea.
Introduction
Rainfall types can be categorized as stratiform or convective depending on the upward wind speed and the temporal and spatial sizes of the cloud system. The vertical velocity of snow and ice crystals is stronger in convective precipitation system than those in stratiform rainfall. The collection of rain drops by coalescence and/or riming is the main source of cloud particle growth in convective precipitation; whereas, in stratiform precipitation the particles grow by the number of concentrations of snowflakes [1] .
Many researches have explained the distinction between these precipitation types using raindrop size distribution (RDSD) and radar variables. Simple threshold methods using rain gage data were applied to distinguish the two rainfall types [2] [3] [4] . Bringi et al. [5, hereafter BR03] proposed using the temporal variation in rainfall rate defined by the standard deviation of rainfall rate over 5 minutes to categorize the stratiform and convective precipitation using a disdrometer. This classification methodology has been adopted in many areas having different climatology [6] [7] [8] [9] . Tokay and Short [10] suggested two different classification relations between the intercept parameter (N0) and rainfall rate (R), and between the slope parameter (Λ) and R measured by a disdrometer in tropical regions. Caracciolo et al. [11] recommended an advanced classification method using the relationship between Λ and the shape parameter (μ) in mid-latitude regions. Caracciolo et al. [12] examined the use of N0 and Λ calculated by microwave disdrometer installed in Italy for the classification of rainfall types.
Alvear et al. [13] derived different rain-type Z-R relations using disdrometer data observed at three different geographic and height based on mean drop volume diameter thresholds in the high Andes of southern Ecuador. Alvear et al. [14] proposed random forest model (FM) to get more accurate rainfall amounts using X-band radar installed on the highest mountain in the world. They determined that FM is promising and unveiled a different approach to overcome the high attenuation issues inherent to X-band radars. Rollenbeck and Bendix [15] studied rainfall distribution in the Andes of southern Ecuador, which is a high mountain area, using satellite, radar, and gage data over 6 years.
A classification scheme was proposed by Bringi et al. [16] who used median diameter (D0) and log-normalized drop number concentration (logNw) retrieved with both C-band polarimetric radar and a dual frequency profiler in Darwin (Australia). The drop size distribution (DSD) variables and R for the two rainfall types that occurred in the wet season of northern Australia were analyzed [17] . Steiner et al. [18, hereafter SHY] proposed an improved method of the Steiner and Houze [19] classification technique, using horizontal texture of radar reflectivity data. Penide et al. [20] suggested three revised equations using the peakedness category used by ST95 in order to mitigate the misclassification using DSDs obtained from a polarimetric weather radar. Recently, Thompson et al. [21] showed that the logNw-D0 separation line is more accurate than the Bringi et al. [16] technique in the equatorial Indian and West Pacific Oceans. You et al. [22] proposed new separation lines between convective and stratiform rainfall using both disdrometer and polarimetric radar in Korea.
Improved radar rainfall accuracy is an advantage of dual polarized weather radar [23] [24] [25] . There have been many studies of polarimetric radar rainfall estimation using a synthetic algorithm in Oklahoma [26] , and a comparison of two different rainfall algorithms in Colorado [27] . Ryzhkov et al. [28] introduced specific attenuation (AH) for rainfall estimation and found that the R(AH) relation gives reliable rainfall estimates even at S band where there is very little attenuation. There have been a few studies on rainfall estimation using polarimetric radar data in Korea. You et al. [29] derived polarimetric rainfall relations using long period DSDs measured by the POSS (Precipitation Occurrence Sensor System) [30] disdrometer and found that rainfall was estimated more accurately using R(Z,ZDR) obtained using DSDs for the Busan area in Korea than using DSDs from Norman in the US. An algorithm to remove the non-weather echo and another algorithm to unfold ΦDP to obtain more accurate KDP were applied to the rainfall estimation using R(KDP) [31] . Recently, a rainfall relation of the form R(Z,ZDR,KDP,AH) using combined polarimetric variables was examined [32] . However, these studies focused on estimating rainfall as a function of polarimetric variables for different categories of rainfall intensity without classification of rainfall types.
Adirosi et al. [33] provided weather radar algorithms for rainfall and attenuation estimation from polarimetric measurements for convective and stratiform rain. The algorithms have been obtained from a long time series of measured DSD in Italy. While Matrosov et al. [34] provided radar rainfall algorithms based on DSD measured in USA for three different rain regimes: stratiform, common nonbrightband, and convective rain.
Therefore, this paper examines the performance of different methods using DSDs to classify rainfall type and discusses the extent to which we can obtain more accurate rainfall amount by taking account of the rainfall type, using four rainfall events with different sources. Section 2 explains the ground gage, DSDs, and weather radar data, with the classification of precipitation types using a disdrometer and radar, and the validation methods. Section 3 gives the resulting polarimetric rainfall relation, the classification of precipitation, and the statistical scores of radar rainfall estimate using the rainfall relations. Finally, we summarize the derived results and describe some conclusions in Section 4.
Data and Methodology

Dateset
Rainfall amount measured by gages of the 0.5/0.1 mm tipping-bucket type operated and managed for data quality by the Korea Meteorological Administration (KMA) were used to examine the performance of polarimetric radar rainfall relations as a function of precipitation type. Figure 1 shows the location of all instruments used in this study, including the Bislsan radar (BSL) and the POSS (Precipitation Occurrence Sensor System; a more detailed explanation can be found in Sheppard, [30] ) disdrometer located ~82 km away from the BSL. Gage sites used for calculating rainfall amount and verifying the classification are also shown. Rain gages installed within the observational range from 5 to 95 km of the radar center are used in this study. In order to calculate rainfall relations with respect to the precipitation types, 1 minute DSDs observed by the POSS from 2001 to 2004 were selected. To remove unrealistic data, the following categories were used: 1 minute rainfall rate weaker than 0.1 mm h -1 or stronger than 200 mm h −1 ; total number densities of all channels smaller than 10; and drop numbers were counted only in the lower 5 channels (0.54 mm) [35] . After this quality control, 111,507 DSD samples remained for the scattering simulation to obtain polarimetric variables and rain rate.
Polarimetric variables for rainfall estimation were obtained by BSL S-band polarimetric radar, which has been installed and operated by the MoLIT (Ministry of Land, Infrastructure and Transportation) in Korea since 2009. The transmitted peak power is 750 kW, beam width is 0.95°, and frequency is 2.791 GHz. The scan strategy of BSL is composed of six elevation angles with a 2.5 min update interval and 0.125 km bin size. Polarimetric variables for 0.5° elevation angle were chosen from all elevation data every 10 minutes and converted to the horizontal grid with 1 km × 1 km resolution for this study. Thresholds of 15° for the standard deviation of ΦDP over nine gates and of 0.85 for ρhv to remove non-meteorological targets were applied. KDP was calculated from ΦDP using nien gates for strong Z (larger than 40 dBZ) and 25 gates for weak Z (less than 40 dBZ). A more detailed description of the quality control of polarimetric variables can be found in You et al. [29, 31] . The observed reflectivity from the Gudeoksan radar (PSN; not shown in Figure 1 close to POSS) was used to determine the precipitation types using temporal evolution of the vertical profile of reflectivity because the maximum elevation angle (1.6°) of BSL is too low to obtain the vertical structure of the rainfall system. The transmitted peak power of the PSN radar is 800 kW, the beam width is 1.0° and the frequency is 2.712 GHz. The PSN radar scans 13 elevation angles with a 10 mins update interval. The reflectivity was averaged within 1 km × 1° pixels to extract the reflectivity at the position of two gage sites.
Classifications of Precipitation Types using Disdrometer and Radar
The T-matrix scattering technique is required to obtain polarimetric variables from observed DSDs. The scattering simulation derived by Waterman [36] and modified by Mishchenko et al. [37] was used for this study. Raindrop shape was represented by the combined drop axis ratio model proposed by Beard and Chuang [38] for raindrops smaller than 1.1 mm and larger than 4.4 mm and by Andsager et al. [39] 's model for raindrop diameter between 1.1 and 4.4 mm [32] . Other variables in the scattering simulation include the temperature and the distribution of canting angles of rain drops. In this study the temperature is set to 20 °C and the distribution of canting angles is assumed to be Gaussian with a mean of 0° and a standard deviation of 7° as determined by Huang et al. [40] . The rainfall rate was calculated by the following equation:
where ρw is water density (g m −3 ), N(D) (m -3 mm -1 ) is the number concentration as a function of rain drop size D (mm), and Vt(D) (m s -1 ) is the terminal velocity of raindrops with size. The relation between fall velocity and raindrop size is given by Atlas et al. [41] .
In order to obtain the DSD variables D0, N0, R, Λ, μ, and liquid water content (LWC), we used a gamma DSD model. The nth moment of the DSDs, Mn, is described by
The gamma DSD variables are calculated as follows [42, 43] :
, (n = 2,4,6) ,
where η is the ratio of moments (η = M4 2 /M2M6), μ is the dimensionless shape parameter, Λ is the slope parameter (mm -1 ), N0 is the intercept parameter (mm -1-μ m -3 ), and D0 is the median diameter (mm). The related DSD parameters are calculated as follows [5, 44] for the normalized gamma model:
where Dm is the mass-weighted mean diameter (mm) and Nw is the normalized intercept parameter (mm -1 m -3 ).
In order to categorize the rainfall types using DSDs, the logN0-R, logNw-D0, and Λ-R relations suggested by You et al. [19] are used:
The following relations between D0 and each of ZDR and ZH/Nw proposed by You et al. [22] were used to classify rainfall types and retrieve D0 and Nw using observed polarimetric variables from radar:
for D0 in mm and ZDR in dB and = 0.035 . ,
for ZH in mm 6 m -3 and Nw in mm -1 m -3 .
Equations (13) and (14) were used for retrieving D0 and Nw from the observed ZH and ZDR. Equation (15) was used for classification: If the retrieved logNw is greater (smaller) than that given by this equation, the pixel is assigned as convective (stratiform) rain (hereafter the DSD-based method).
Validations
To evaluate the accuracy of radar rainfall measured by polarimetric rainfall relations, four rainfall events were selected. The first rainfall event was caused by the Changma front and the analysis period was from 09:00 LST to 15:00 LST on 9 July in 2011. The second event was accompanied by the indirect effect of a typhoon and the duration for the analysis was 8 h from 09:00 LST to 17:00 LST on 23 August in 2012. The third rainfall case was mainly caused by low pressure accompanied by a front. The analysis period was 4 hours from 01:00 LST to 05:00 LST on 8 September in 2012. The last rainfall event was caused by low pressure on 25 August in 2014. The analysis time was 6 h from 09:00 LST to 15:00 LST. The time periods and rainfall sources for each event are summarized in Table 1 . Table 1 . Rainfall events with different source analyzed in this study.
Period
Sources 2011. 7.09. 09:00 LST-15:00 LST Changma front 2012. 8.23. 09:00 LST-17:00 LST Indirect effect of typhoon 2012. 9.08. 01:00 LST-05:00 LST Low pressure accompanied with front 2014. 8.25. 09:00 LST-15:00 LST Low pressure The normalized error (NE), fractional root mean square error (RMSE), correlation coefficients (CC), and Nash-Sutcliffe efficiency (NSE) of the rainfall amounts calculated by radar rainfall relations and those from around 120 gages were used to investigate the accuracy of radar rainfall relations. Here,
where N is the number of radar rainfall (RR) and gage rainfall (RG) pairs, and R R and G R are the average hourly rainfall amount measured by radar and gage, respectively. These statistical scores are obtained using hourly rainfall amounts derived from the radar and gage. The radar rainfall at the rain gage was calculated by taking averaged rainfall over a certain area (1 km × 1°) centered on each gage. The thresholds of KDP and ZDR in this study were 0 even though both variables can be negative due to statistical fluctuations.
Results
Classification of Precipitation Types using DSDs
The rainfall types were classified so that separate rainfall relations could be produced for convective and stratiform rainfall. The averages of ZH (ZDR) obtained from the BR03, logN0-R, logNw-D0, and Λ-R relations are 23.1 dBZ (0.66 dB), 26.0 (0.81 dB), 24.7 (0.8 dB), and 25.2 dBZ (0.77 dB), respectively. The corresponding standard deviations of ZH (ZDR) are 6.5 dBZ (0.55 dB), 7.8 dBZ (0.59 dB), 7.5 dBZ (0.62 dB), and 7.5 dBZ (0.59 dB). The average and standard deviation of ZH and ZDR from the logN0-R relation had the smallest values of the four methods. All four methods give two peaks of occurrence in the ZH-ZDR domain. The largest peak occurs between 10 dBZ and 30 dBZ for ZH and between 0 dB and 1 dB for ZDR. This is thought to be caused by the smaller drops that contribute to stratiform rain. The other peak is from 30 dBZ to 40 dBZ in ZH and 1 dB to 2 dB for ZDR. These values are too strong for stratiform rain, and may be caused by rainfall in the transition from stratiform to convective rain and vice versa or misclassification. The width of the stronger ZH (30 dBZ to 40 dBZ) and ZDR (1 dB to 2 dB) area is greater with the logNw-D0 and BR03 methods than with the logN0-R and Λ-R methods (Figure 2 ). The occurrence frequency of higher ZH and ZDR was smaller in the logN0-R method than in the other three methods. To understand these properties more clearly, ZH and ZDR were divided into four ranges: 10 to 20 dBZ, 20 to 30 dBZ, 30 to 40 dBZ, and higher than 40 dBZ for ZH and 0 to 0.5 dB, 0.5 to 1 dB, 1 to 2 dB, and higher than 2 dB for ZDR. The frequency of each category per total occurrence of stratiform rainfall was calculated and summarized in Table 2 . (Figure 3a,c) have a lower frequency of occurrence and overlap with the stratiform rainfall region except for ZH, which is higher than 40 dBZ. The occurrence frequency of the Λ-R relation has a narrower distribution and a higher frequency is concentrated below 35 dBZ in ZH. However, logN0-R gives two peaks in the ranges 30-35 dBZ and 0.4-1 dB and 35-40 dBZ and 1.5-2 dB. The overlap with the stratiform area using logN0-R was the smallest of the four methods. These properties are also shown in Table 3 . The logN0-R method may therefore be considered to classify rainfall types with less variations than the other three methods. 
Category
Frequency of Occurrence (%) ZH (dBZ) ZDR (dB) logN0-R logNw-D0 Λ-R BR03
10 -20 0 -0. The rainfall relations for given rainfall types classified by logN0-R and those that do not discriminate between rainfall types (hereafter, without classification) are summarized in Tables 4-6 .
To examine the impact of rainfall relations on the accuracy of rainfall estimation, the rainfall relations without classification were also analyzed. Polarimetric rainfall relations such as R(KDP), R(Z, ZDR), and R(KDP, ZDR) that are widely used for rainfall estimation were examined. 
Classifications of Rainfall Types using Polarimetric Radar
Precipitation types were classified using polarimetric variables. Figure 4 shows the PPI (plan position indicator) of ZH and ΦDP at an elevation angle of 0.5° on 03:00 LST 8 September 2012 and 1300 LST 25 August 2015. On 8 September 2012 the areas with reflectivity stronger than 45 dBZ are mainly located to the southwest and northwest of the radar site. Isolated regions of stronger reflectivity appear around 30 km to the north-east of the radar site, and other stronger reflectivity regions are found around 90 km to 120 km to the east of the radar site (Figure 4a ). Regions with higher gradient of ΦDP due to larger raindrop size coincide with areas of high ZH although the size of the area is different (Figure 4b ). On 25 August 2015 reflectivities stronger than 45 dBZ are distributed around 90-120 km south-west of the radar site and from 50 to 90 km between 135° and 235° azimuth. Other regions of stronger reflectivity are seen to the northeast between 90 and 120 km and 90 to 150 km (Figure 4c ). The region with higher ΦDP gradient is located at azimuth of around 22.5°, 220°, and 135-270°; this higher ΦDP gradient contributes to the stronger reflectivity of this region (Figure 4d ). To understand the performance of the classification obtained by DSDs, the reflectivity texturebased method proposed by ST95 was employed. Figure 5 shows the precipitation types classified using DSD-based and ST95 methods on 03:00 LST 8 September 2012 and 13:00 LST 25 August 2014. The blue (red) color shows the regions classified as stratiform (convective). Both methods classified the regions with stronger reflectivity and higher ΦDP gradient very well. However, in isolated regions ST95 classified more rainfall types as a convective than the DSDs method. This is consistent with Penide et al. [17] , who found that the texture-based approach seems to classify too many points as convective, when compared with the DSD-based method. For this reason, the DSD-based method was applied to rainfall estimation in this study. To determine the accuracy of the DSD-based method, the vertical profile of reflectivity was obtained and the precipitation types were extracted at the position of two gage sites as shown in Figure 1 . Figure 6 shows the vertical profile of reflectivity extracted from the PSN radar at the position of gage ID 162 on 23 August 2012 and gage ID 926 on 25 August 2014. The asterisks (open circles) on the image show convective (stratiform) rainfall determined by retrieved DSD from observed polarimetric variables using Equation (15) during the analyzed period. On 23 August 2012, the bright band occurred around a height of 5 km during the analysis period and the DSD-based method classified the rainfall as stratiform for the entire analysis time. The peak of the bright band occurred at a height of 4 km from 09:00 LST to 10:00 LST and weak reflectivity (less than 30 dBZ) dominated the entire height range (Figure 6a ). The bright band disappeared from 10:00 LST to 11:00 LST and then the echo top of stronger reflectivity around 35 dBZ extended to a height of 6 km at 12:00 LST. The classification performed very well in both stratiform and convective periods except from 13:00 LST to 14:00 LST (Figure 6b ). 
Validations
To evaluate the rainfall relations, the four different rain events were examined. Figure 7 shows the hourly and accumulated rainfall with time observed from gages that recorded the highest rainfall amount for each event. The total daily rainfall at Geumcheon (ID 848) on 9 July 2011 was ~250 mm, and the heaviest hourly rainfall rate was ~50 mm h −1 . The rainfall was mainly concentrated in a 5hour period and rain rates exceeding 20 mm h −1 occurred between 1100 and 1300 LST (Figure 7a ). The total rainfall at Daebyung (ID 945) on 23 August in 2012 was ~220 mm and the strongest hourly rainfall rate was ~40 mm h −1 . The rainfall was mainly concentrated in the 9-hour period from 0800 LST to 1600 LST (Figure 7b ). Rainfall occurred in two distinct stages at north Changwon (ID 255) from 0100 to 0200 LST and 0400 to 0700 LST. In the first stage, the rainfall rate was higher than 30 mm h −1 and in the second stage, rates higher than 20 mm h −1 only occurred at 0500 LST (Figure 7c ). The total rainfall at Geumjeong (ID 939) on 25 August 2014 was ~270 mm and the maximum hourly rainfall rate was ~100 mm h −1 at 1500 LST (Figure 7d ). The spatial distributions of accumulation rainfall amount recorded by rain gages within radar coverage for four events were also shown in Figure 8 . The RMSEs of R(KDP), R(KDP,ZDR), and R(Z,ZDR) with classification were 4.7 mm h −1 , 6.1 mm h −1 , and 6.1 mm h −1 , respectively. The corresponding values without classification were 4.9 mm h −1 , 6.6 mm h −1 , and 14.8 mm h −1 . The best statistical scores of all relations were obtained from R(KDP) with classification, while the greatest improvement due to the classification was obtained with R(Z,ZDR) ( Figure 10 ). The statistics of another two events are summarized in Table 7 . The rainfall estimation using the relations obtained from classification were better than those obtained without classification. The R(KDP,ZDR) with classification estimated rainfall more accurately for all rainfall events. The most improved rainfall estimation due to the classification was obtained from R(Z,ZDR). The procedures of rainfall estimation including classification of the rainfall types from a polarimetric radar and a disdrometer are summarized in Figure 11 . 
Summary and Conclusions
To investigate the impact of rainfall type on the rainfall estimation of polarimetric variables, rainfall relations such as R(KDP), R(KDP,ZDR), and R(Z,ZDR) with respect to the precipitation type were Radar Rainfall calculated from DSDs as measured by a POSS disdrometer. The classification of rainfall type was examined by four different methods: BR03, and the logN0-R, logNw-D0, and Λ-R relations. The logN0-R relation discriminated between convective and stratiform rain with less Z and ZDR standard deviation with respect to rainfall types. The transition from convective to stratiform and vice versa occurred in the stratiform rain region for all methods. To classify the rainfall type in preparation for radar rainfall estimation, logNw and D0 retrieved from radar polarimetric variables were used. This classification method is different from the reflectivity texture-based method that classifies more rain as convective. The performance of the DSD-based method was consistent with the vertical profile of reflectivity from a single polarimetric radar extracted at the position of two gage sites.
Statistical analysis using RMSE, NE, and CC for four different rainfall events demonstrated better rainfall estimation using the relations with precipitation types than those obtained without classification. This is not true for all the cases, however, because correct rainfall relations were not determined for transitioning rainfall and misclassified radar data. However, the R(KDP,ZDR) with classification performed better at estimating rainfall for all rainfall events. The greatest improvement in rainfall estimation due to the classification was obtained from R(Z,ZDR). This may be related to the high sensitivity to drop size distribution of ZDR with precipitation type.
As a result, we conclude that the classification of rainfall into stratiform and convective types can give more accurate rainfall estimation using polarimetric radar than without considering precipitation types in the case of R(KDP), R(KDP,ZDR), and R(Z,ZDR) in Korea, although further study using more events is needed. We also note that the rainfall types in the transition from convective to stratiform and vice versa need to be classified correctly in order to calculate rainfall from radar more accurately. 
